




Abstract— The IEC 61000-4-21 and IEEE 299.1 documents 
report similar but not equal procedures to measure the shielding 
effectiveness (SE) of enclosures through the use of Reverberation 
Chambers (RCs). In this paper, it is shown that these two 
measurement procedures can be merged in a single, enhanced, 
one. In particular, it is shown that the evaluation of the SE of 
enclosure in Annex H of IEC 61000-4-21, which exploits only 
mechanical stirring, can be improved by using the hybrid 
stirring, which includes also the frequency stirring thus 
increasing the number of uncorrelated samples. On the other 
hand, it is shown that at low frequencies the evaluation of the SE 
of enclosures based on the definition in IEEE 299.1 can be 
improved through the use of the maximum values of measured 
powers rather than the average ones. The single, enhanced, 
proposed procedure provides more prudent SE values than the 
two standards at the low frequencies, especially for standard 
IEEE 299.1. The presented measurement approach is supported 
by results obtained in three different laboratories. 
 
Index Terms— Nested reverberation chambers, enclosures, 
shielding effectiveness calculation. 
 
I. INTRODUCTION 
 Reverberation Chamber (RC) is an electrically large metallic 
cavity where the internal field is properly randomized by a 
Frequency electronic stirring (FS) process [1]-[7] and/or a 
mechanical stirring (MS) including vibrating stirring and 
position stirring [3], [5]-[7]. In order to make the stirring 
process more effective, a combination of different stirring 
processes is used [6]-[9]; however a combination of FS and 
MS performed through metallic stirrer(s) only is the most 
common. Combination of stirring techniques, i.e., hybrid 
stirring (HS), is very important for RCs as it increases the 
number of uncorrelated samples thus reducing the 
measurement uncertainty (MU) [8]-[9]. 
RCs are used to perform emission and immunity tests on 
electronic equipment [1], [10] and several other applications 
including shielding measurements [1], absorption of materials 
and biological bodies [4], antenna measurements [11], and 
simulation of wireless multipath environments [12]. 
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The shielding effectiveness (SE) measurement for 
enclosures is a standardized procedure [1], [13] which is 
usually performed through nested reverberation chambers 
(NRCs), where the test enclosure forms the inner chamber, 
and the remaining volume inside the RC forms the outer 
chamber. The test enclosure is arranged in the working volume 
of the RC [14]. In particular, two similar standardized 
measurement procedures are available: one in the IEC 61000-
4-21 document [1, annex H] and the other one in the IEEE 
299.1 document [13, Sec. 7.2]. In both procedures, the SE is 
achieved through the ratio of two power-based measurements: 
the power received inside the enclosure and that received in 
the outer chamber. The power levels are measured by two 
antennas operating in receiving mode: one is positioned inside 
the enclosure and the other one is positioned in the outer 
chamber. A third antennas feeds the system, as shown in [1], 
[13], [15]-[18]. Alternative procedures operating in time 
domain exist, which allow the exploitation of only two 
antennas [19]. 
Although the main rationale of the two procedures defined 
in the IEC 61000-4-21 and IEEE 299.1 documents is the same, 
these two procedures are not equivalent. 
In the IEEE 299.1 [13] case, to achieve the SE, the ratio of 
measured average powers [13, Sec. 7.2] is exploited. An 
appropriate FS bandwidth (FSB) is used to achieve stable 
average values. FS is used in both the inner and outer chamber. 
A wall-mounted monopole antenna is used inside the 
enclosure and no mechanical stirring (MS) can be thus adopted 
inside the enclosure. In the outer chamber, when possible, in 
addition to the FS also the MS can be used to improve the 
evaluation of SE [13]. Measurements are performed by a 
vector network analyzer (VNA) so that both FS and correction 
for impedance mismatch are considered. The latter is 
necessary for the monopole antenna inside the enclosure. 
In the IEC 61000-4-21 [1] case, to achieve the SE, the ratio 
between the two maximum values of the two measured powers 
[1, Annex H] is exploited. Moreover, only MS, operated 
through metallic stirrer(s) is adopted, both inside the outer 
chamber and inside the enclosure, and no FS is exploited. The 
powers are measured by a power meter (PM), and correction 
for impedance mismatch is not applied. For this reason, it is 
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recommended either that the two receiving antennas have the 
same total efficiency (in free space) or that they are the same 
antenna model. This helps to reduce the error due to the 
impedance mismatch, and removes the error due to the 
radiation efficiency. In fact, the antenna impedance mismatch 
does not change appreciably at higher frequencies when it is 
located inside an enclosure where at the minimum working 
frequency at least 60 modes are supported. On the other hand, 
it is underlined that a significant change of the impedance 
mismatch could occur at low frequencies where the modal 
density is low, thus impairing the accuracy of the overall 
procedure. 
The aim of this paper is to analyze and to compare results 
from the two standard procedures defined in the IEC 61000-4-
21 and IEEE 299.1 documents, to attempt to merge them in a 
single enhanced procedure. 
We show that the IEEE 299.1 procedure in [13] can be 
improved at the low frequencies by using the maximum values 
of the measured powers, rather than the average ones. In 
particular, the use of the ratios between the maximum values 
takes into account the high levels of the fields associated to the 
resonances inside the enclosure. In contrast, the use of the 
ratios between average values kills the high levels of the field. 
Such resonances occur at the low frequencies where the modal 
density is low. Therefore, use of the maximum values rather 
than the average ones improves the evaluation of the SE of 
enclosures at the low frequencies compared to the definition in 
IEEE 299.1; i.e., the MU decreases. At high frequencies, 
where the resonant behavior of the enclosure and the relevant 
effect on the SE disappears, the SE from average values of the 
measured powers can be considered as well in order to reduce 
the MU. 
Specifically, it is shown that when the acquired number of 
uncorrelated samples is sufficiently large, the SE calculation 
can be improved for frequencies up to several times the 
frequency f60, being f60 the frequency where the enclosure is 
able to support 60 modes. 
On the other side, we show that the IEC 61000-4-21 [1] 
procedure can be improved by the use of HS (which is 
obtained by the combination of MS and FS) as well as by the 
possibility of using a wall-mounted monopole antenna inside 
the enclosure. Such an improvement implies the use of a VNA 
in the measurement set-up instead of a PM. The use of HS 
including FS achieves a larger number of uncorrelated samples 
at low frequencies where the modal density is low. This 
increases the probability of exciting resonances (modes) inside 
the enclosure: the corresponding fields can then couple to the 
receiving antennas. For this reason, use of HS including FS 
improves the evaluation of the SE of enclosures in standard 
IEC 61000-4-21. Moreover, the HS also reduces the MU both 
at the high and low frequencies. In fact, the HS tends to 
increase the field uniformity in the enclosure at low frequency, 
also when the MS is applied only inside the RC. 
Summing up, the advantages of HS including the FS, the 
possible (but not necessary) use of a wall-mounted monopole 
inside the enclosure, and the calculation of the SE by the ratios 
between the maximum (rather than average) values of the 
measured powers, can be merged in a single enhanced 
measurement procedure, which improves and includes both 
the standard measurement procedures shown in the IEC 
61000-4-21 and the IEEE 299.1 documents. From the results 
presented in the work, it turns out that the proposed procedure 
provides more prudent SE values than the two standards at the 
low frequencies, especially for standard IEEE 299.1. 
It is important to note that the proposed procedure improves 
the evaluation of the SE of enclosures in IEEE 299.1 at low 
frequencies by simply using a different calculation. On the 
other hand, compared to the IEC 61000-4-21 standard, our 
proposed procedure involves the use of a VNA rather than the 
PM in the measurement set up. This is certainly an appealing 
feature, since the VNAs are becoming increasingly widespread 
and their cost is not higher than that of the PMs (considering 
that use of the PM involves also the use of a radiofrequency 
source and of a radiofrequency amplifier). 
The proposed measurement approach is supported by results 
obtained in different nested reverberation chambers located in 
three different laboratories, namely, at Università Parthenope, 
Napoli, Italy, at University of Nottingham, Nottingham, U.K., 
and at Università Politecnica delle Marche, Ancona, Italy. 
The paper is organized as follows: in section II, the method 
is shown; in section III, measurements and results are obtained 
and discussed; finally, in section IV, the conclusions are drawn 
along with a further discussion. 
 
II. RATIONALE OF THE METHOD 
In the IEC 61000-4-21 standard [1, Annex H], the SE is 
calculated through the following equation: 
   (1) 
where Pr,o and Pr,i are the powers received inside the RC and 
enclosure, respectively. The maximums of Pr,o and Pr,i, which 
are denoted by the superscript Max in (1), are obtained over 
one complete cycle of the tuner(s)/stirrer(s). In [1], such 
powers are directly measured by the PM for all frequencies 
over the expected measurement FR with no FS and with no 
correction for impedance mismatch. 
In the IEEE 299.1 standard [13, Sec. 7.2], the SE is 
calculated through the following equation: 
 , (2) 
where the symbol á×ñN denotes the average value of the powers 
concerned or equivalently of the squared amplitude of the 
transmission coefficients (S21) over N uncorrelated samples. 
The symbol |×| denotes the amplitude value of the parameter 
concerned. The number of overall samples N is assumed to be 
very greater than one. Note that the two power values in (2) 
can be obtained from the measurements of two coefficients 
S21, which can be measured by a VNA. Here, it is assumed that 
a Two-Port VNA is used. When a HS is used, for example MS 
and FS, the number of samples can be expressed as N = n × k, 
where n is the number of mechanical positions of the stirrers 
and k is the number of frequency points considered for a given 
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average value including both MS and FS. The subscript corr 
indicates that the powers or equivalently transmission 
coefficients are corrected for impedance mismatch. The 
subscript o,i indicates that the two antennas concerned are 
located inside the RC and enclosure, respectively, whereas the 
subscript o,o indicates that the two antennas concerned are 
positioned both inside the RC. As for the antenna radiation 
efficiencies, it is specified that they can be considered the 
typical values according to the standard [1]. Moreover, if the 
radiation efficiency of the two receiving antennas are equal, 
the correction is not necessary. 
Note that generally an impedance matched antenna is 
located inside the RC. However, if a receiving antenna having 
a free-space reflection coefficient less or equal than -10 dB is 
used inside the RC, no correction for impedance mismatch is 
in practice necessary for such an antenna at the frequencies 
where the RC is overmoded. If this is the case, only the 
correction for impedance mismatch for the antenna located 
inside the enclosure is necessary at low frequencies. Hence, 
under the assumption that the reflection coefficient of the 
receiving antenna inside the RC is less or equal than -10 dB, 
(2) can be written as [13]: 
 , (3) 
where S22,i and S22,o denote the reflection coefficients of the 
receiving antenna inside the enclosure, which is generally a 
wall-mounted monopole, and of the one inside the RC, 
respectively. Note that under the abovementioned assumption, 
it turns out that . The subscript unc 
indicates that the relative parameters are uncorrected for 
impedance mismatch. Note that the non-correction causes an 
overestimated SE in (3). This occurs also when the maximum 
values are considered rather than the average ones. Clearly, the 
correction for impedance mismatch implies the measurements 
of the reflection coefficient. Generally speaking, the correction 
should be made for each frequency point. In particular, two 
cases are of interest: measurement of average and maximum 
powers, respectively. 
When average values of the powers are used for SE and the 
average mismatch of the antenna does not change considerably 
over the FSB, the average mismatch values can be used, see 
(3). This correction method could be applied for any stirring 
method or their combination. 
When the maximum values of the corrected powers are used 
for SE calculation, the average mismatch values could still be 
used for the correction regardless of the stirring method, if a 
possible reduction of the quality of the approximation is 
accepted. This is confirmed by measurement results presented 
in the next Section. The validity of this approximate method 
of correction for impedance mismatch is achieved by 
comparing results from uncorrected transmissions coefficient 
with the ones from corrected transmission coefficients. 
Before expressing (1) in terms of samples of powers or 
equivalently of  and , the statistical distributions 
of Pr,i and  are discussed. In [20], the distribution of the 
power Pr,i when the system is fed by outer chamber was shown. 
For an enclosure under test in the RC, at least a few small 
apertures can certainly be considered. Hence, they are 
sufficient to make Pr,i, or equivalently , exponentially 
distributed. Such a distribution is supported by results from the 
Chi-Square Goodness-of-Fit test applied to measured samples 
of . It is found that the hypothesis H0 is not rejected 
to the significance of 0.05 from minimum working frequency 
(f60) as detailed on the measurements used for tests in the next 
section. However, it is specified that the extreme values elude 
any Goodness-of-Fit test. In fact, it is experimentally found 
that  and  have the same distribution type, 
which is a chi-squared distribution with two degrees of 
freedom (exponential distribution), except for some extreme 
values that are present in samples of  at low working 
frequencies where the number of modes is low. As shown in 
the next section, at low frequencies, such extreme values play 
a key role in the accurate calculation of the SE of enclosures 
by NRCs. 
In the IEC 61000-4-21 standard [1], the maximums of Pr,o 
and Pr,i in (1) are obtained over one complete cycle of the 
tuner(s)/stirrer(s) as described above. However, another 
approach is possible. Indeed, one can think to use a sufficiently 
large number (N) of uncorrelated samples, regardless of the 
adopted stirring technique. In particular, when only MS from 
metallic stirrer(s) is used and the samples are measured for all 
the independent positions of the stirrer(s), the two approaches 
are equivalent. The rationale is valid independently of the 
stirring method for large N values; i.e., the use of samples from 
HS, such as a combination of MS and FS, improves results 
even when compared to those achieved from the complete 
cycle of the tuner(s)/stirrer(s). In fact, the larger N the more 
results improve. This is supported by the extreme value theory 
(EVT) [21], which has also been applied to the maximum field 
in an RC [22]-[25]; further, in [26] an upper bound is rightly 
considered for field and power, as well as in [27] where a 
deterministic approach is used. More recent work has focused 
on the use of EVT to model the RC field behavior near the 
walls [28], where HS was used to enlarge the statistical 
ensemble, the field to wire coupling [29], and the accurate 
characterization of the nested chamber field [30]. Interesting 
applications include high-power susceptibility testing [31]. 
Actually, the coefficient of variation of the distribution of the 
exceedance over certain thresholds for both Pr,o and Pr,i, is well 
approximated by the generalized Pareto distribution for large 
thresholds [21], [32]-[33]. The exceedance decreases with the 
increasing threshold. This implies that possible differences 
between the values of the ratios calculated using the average 
and maximum values can be appreciated only for large N 
values, where statistical fluctuations do not mask them. In 
particular, it is experimentally found that these differences are 
not negligible when the number of processed uncorrelated 
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samples is greater than 200. Specifically, we increased 
gradually the number of processed uncorrelated samples until 
the differences (occurring at low frequencies) between the 
values of the ratios calculated using the average and maximum 
values become significant and essentially stable. Note that real 
FSB are compatible with necessary number of uncorrelated 
samples; in any case, one notes that the FSB cannot be taken 
too wide in order to ensure that no bias is applied to SE. 
Since the correction for impedance mismatch results in a 
possible underestimation of the SE, we can intentionally and 
safely consider the powers in [1] as powers corrected for 
impedance mismatch without loss of generality. Therefore, by 
considering all of the above, and by assuming again that a 
receiving antenna having a free-space reflection coefficient 
less or equal than -10 dB is used inside the RC, (1) can be 
written as follows: 
  
, (4) 
Where N >> 1. In (4), it is highlighted that the maximum 
values are achieved from N uncorrelated samples and the 
average mismatch is considered for correction. It is noted that 
the non-correction causes an overestimated SE in (4) as well. 
Finally, it is important to note that the use of maximum 
values makes the SE evaluation fluctuate more than the use of 
average values. In fact, the distribution of extreme values has 
a greater dispersion than the distribution of average values. 
Summing up, to measure the SE of enclosures in RC we 
propose to:  
- use eq. (4), 
- exploit the HS including both MS and FS to obtain the 
power measurements involved in (4),  
- possibly use a wall-mounted monopole inside the 
enclosure, 
thus merging in a single procedure the two standard 
procedures defined in the IEC 61000-4-21 and IEEE 299.1. As 
shown in the following sections, this proposed procedure 
provides more prudent SE values than the two standards at the 
low frequencies. 
 
A. Short discussion on MU 
The MU, which is here understood as a combined and 
expanded MU [34], can be calculated by using the MUs of the 
parameters involved in the measurement model and the law of 
propagation of the uncertainties by considering type A and B 
uncertainties [34]-[35]. MUs of the involved parameters can 
be empirically achieved by measurements [8], as well as their 
distributions. The mean values of such parameters have 
approximately normal distribution. For exponential 
distributions of the parameters  and , the 
distribution of the normalized maxima can easily be achieved 
from EVT [23], [25]. In [36], the distribution of the ratio 
between two normalized exponential distributions was 
described. 
However, any procedure to calculate the MUs of SE given 
in (3) and (4) has to include the non-uniformity of the field in 
the enclosure at the low frequencies where the modal density 
is low. This is normally very difficult to be achieved by 
measurements because of sizes of enclosures. In fact, it 
involves moving the receiving antennas into the volume of the 
enclosure. Work is still necessary to address such an 
uncertainty component [13, Sect. 6]. The focus of the paper is 
not the calculation MU. In any case, the condition on f60 and 
the use of FS, reduce the spatial non-uniformity of the field; 
therefore, the method gives a very high confidence that an 
enclosure provides the measured SE [13, Sec. 7.2.1]. 
Finally, it is important to highlight that the dispersion of the 
maximums normalized to the average value inside the 
enclosure is greater of that of the ones inside the RC at low 
frequencies according to the SE value. This is because the RC 
works in overmoded conditions over the working FR whereas 
the enclosure is overmoded only to high frequencies. 
 
III. MEASUREMENTS RESULTS 
In this section, measurements and results from experiments 
realized at different laboratories are shown. Hence, different 
chambers and stirring techniques are used. Specifically, results 
from measurements performed at Università Parthenope, 
Napoli, Italy, at University of Nottingham, Nottingham, 
England, and at Università Politecnica delle Marche, Ancona, 
Italy are shown. It is specified that all uncorrelated samples 
from such measurements can be considered independent as 
well. 
 
A. Measurement results obtained at University 
“Parthenope”, Napoli, Italy 
The measurements were conducted in RC at the Università 
Parthenope. Measurements were performed for the work of 
[37] and for another paper [16], where however the aims were 
different from that of this paper. The RC used for the 
measurements is a cubic chamber of 8 m3 volume, where the 
input electromagnetic field is randomized by means of three 
metallic stirrers rotating in continuous mode. Random MS due 
to the vibrations of the chamber walls under the effect of the 
motors of the stirrers adds to the regular MS so that a very 
large number of uncorrelated samples can be acquired. It must 
be noted that the non-correlation of the acquired samples was 
verified by the autocorrelation function and a threshold of 1/e. 
It is specified that this RC is overmoded at about 1 GHz, i.e., 
to such a frequency  fits a chi squared (χ2) distribution. 
Two different series of measurements are available, which 
concern two different enclosures. One series concerns an 
enclosure that has dimensions of 0.30 m x 0.30 m x 0.30 m and 
the other has dimensions of 0.49 m x 0.49 m x 0.49 m. They 
are also made of different materials as detailed below. For both 
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wall of the enclosure [16], [37]. The same measurement set up 
includes two double-ridge waveguide horn antennas and a 
two-port vector network analyzer (VNA), model Agilent 
8363B PNA. The intermediate frequency bandwidth (IFBW) 
and source power are set to 3 kHz and 0 dBm, respectively. 
We consider the smaller enclosure first. It wss placed on 
foam support within the RC during the measurements; the 
clearance from the chamber floor was about 50 cm. Note that 
f60 for this enclosure is 1.927 GHz. The enclosure has an 
interchangeable wall. For the measurements used in this paper, 
the interchangeable wall was an aluminium wall accurately 
blocked by an adhesive aluminium tape. For this enclosure 
only MS is used, both inside the RC and the enclosure. Inside 
the enclosure a single stirrer rotating in continuous mode is 
used. Fig. 1 shows the inside of the RC where the enclosure is 
visible as well. 
The FR is from 2 GHz to 10 GHz, with step of 1 GHz. 
Consequently, each frequency sweep includes 9 frequency 
points. During the continuous stirring, where all stirrers were 
operated, 1000 uncorrelated samples are automatically 
acquired at each frequency point in as many sweep frequency 
and for each of the measured coefficient. 
 
Fig. 1. Inside of the RC at University of Naples. The enclosure is visible in the 
chamber, as well as the motor that drives the stirrer inside the enclosure. 
 
The transmission coefficients [S21]o,o, and [S21]o,o, as well as 
the reflection coefficient [S22]i were measured. 
In order to show the damping effect of the resonance inside 
the enclosure, measurements were performed both with the 
unloaded and loaded enclosure. The load was a small piece (4 
cm x 4 cm x 8 cm) of microwave absorption material used for 
walls in anechoic chambers. It is positioned on foam support 
at center of a side within the enclosure during the relative 
measurements; the clearance from the side is about 7 cm. 
It is verified by Chi-Square Goodness-of-Fit test that the 
measured samples of  have an exponential distribution 
to the significance of 0.05 at the smallest acquired frequency 
fmin = 2 GHz. 
Fig. 2 shows the SE of the enclosure, both when the 
correction for impedance mismatch of the monopole antenna 
is performed and when it is not performed. 
 
Fig. 2. SE of the enclosure (0.3 m x 0.30 m x 0.3 m). Only MS is used both 
inside the RC and the enclosure. Black and square-marked trace and blue and 
cross-marked trace are related to average values and corrected and uncorrected 
for impedance mismatch of the monopole antenna, respectively. Green and 
circle-marked trace and red and unmarked trace are related to max values and 
to corrected and uncorrected for impedance mismatch of the monopole 
antenna, respectively. 
 
Note that for frequencies up to 7 GHz the green trace, 
obtained by using maximum values of the measured powers, 
is clearly lower than the black trace, obtained by using 
average values of the measured powers. It is noted that in both 
cases the correction for impedance mismatch of the monopole 
antenna was performed. Similarly, for frequencies up to 7 
GHz, the red trace, obtained by using maximum values of the 
measured powers, is clearly lower than the blue one, obtained 
by using average values of the measured powers. It is noted 
that in the latter two cases the correction for impedance 
mismatch of the monopole antenna was not performed. 
From all measurement results achieved for this paper, which 
are not all shown for brevity, it has been seen that the number 
of uncorrelated samples N has to be greater than 200 in order 
that the differences under consideration are essentially stable. 
They also include the position (that includes the polarization) 
of the receiving antenna that could not pick up the field for 
specific resonances. However, this can affect results at very 
low frequencies; but, such an impact is acceptable to 
frequencies greater or equal then f60. In any case, the MU due 
to the correction for impedance mismatch depends on the 
mismatch level [38]. Note that when the mismatch is strong 
(close to one) a small error on [S22]i produces a considerable 
error on the SE. It could justify the smaller difference between 
the traces at the frequency of 2 GHz, where a greater 
difference is expected. 
Summing up, Fig. 2 shows that the use of the ratios between 
the maximums (rather than the averages) of the measured 
powers provides more prudent values of SE of enclosures at 
the low frequencies. It is likely that this occurs particularly 
when low internal losses are present inside the enclosure. 
Indeed, the losses damp each internal resonance according to 
their amount and relative coupling. To better show this effect, 
we have added losses inside the enclosure. It is specified that 
the effect of the resonance is however damped as the antennas 
inside the enclosure load the enclosure itself according to their 
reflection coefficient. Therefore, a wall-mounted monopole 
antenna negligibly loads the enclosure when it is considerably 
mismatched. On the other hand, in real-life scenarios, the 
equipment of the enclosure represents a certain load for the 
enclosure itself. In Fig. 3, one can note that the differences 










Fig. 3. SE of the enclosure (0.3 m x 0.30 m x 0.3 m). As in Fig. 2 except for 
the presence of a small absorber inside the enclosure. 
 
Results from measurements performed for the other 
enclosure are also shown as they are very meaningful. In fact, 
these measurements were performed for an enclosure of 
metallic grid whose losses depend naturally on the frequency. 
The enclosure is a cubic box of 49 cm side size. Specifically, 
the enclosure is made with metallic grid and its mesh size is 1 
mm: it has a foam structure as a support, as Fig. 4 shows. It 
was placed on foam support within the RC during the 
measurements. The clearance from the chamber floor is 50 cm. 
Again a 24 mm monopole antenna is placed on one interior 
wall of the enclosure. It is verified by Chi-Square Goodness-
of-Fit test that the measured samples of  have an 
exponential distribution to the significance of 0.05 from the 
lowest acquired frequency fmin = 1 GHz. Note that f60 for this 
enclosure is 0.93 GHz. For this case, only MS is used inside 
the RC; the enclosure is randomly and uniformly fed from its 
whole surface. The same RC and measurement set-up were 
used for these measurements. It is shown in [16], and it is also 
shown in Fig. 4. 
 
 
Fig. 4. Enclosure made with metallic grid having a mesh size of 1 mm inside 
the chamber. 
 
The FR is from 1 GHz to 18 GHz, with step of 0.5 GHz. 
Consequently, each frequency sweep includes 35 frequency 
points. 3000 uncorrelated samples were automatically 
acquired at each frequency point in as many sweep frequency 
and for each of the measured coefficient. 
SE of this enclosure is shown in [16, Fig. 6], when it is 
calculated by the ratio of average values. In Fig. 5, the SE of 
the enclosure obtained from average and maximum values is 
shown. Results are shown up to frequency 6 GHz even though 
no useful information is included to the frequencies greater 
than 3GHz for the aims of this paper. It is not shown the case 
where the SE was not corrected for impedance mismatch of 
the monopole inside the enclosure as it simply still confirms 
the results as mentioned above. 
 
Fig. 5. SE of the enclosure (0.49 m x 0.49 m x 0.49 m) made with metallic 
grid of mesh size is 1 mm. Only MS is used inside the RC; the enclosure is 
randomly and uniformly fed from its whole surface. Black and square-marked 
trace is related to average values. Green and circle-marked trace is related to 
maximum values. The two traces are corrected for impedance mismatch of the 
monopole antenna inside the enclosure. 
 
It is important to note that the differences between the two 
evaluated SE are still clearly visible at low frequencies even 
though they damp down due to the losses that increase rapidly 
with the increasing of the frequency. In fact, even though the 
mesh size is very much smaller than wavelength, its wires 
however scatter energy through the wall of the enclosure. This 
results in a rapid increase of the losses inside the enclosure 
with the increasing of the frequency. Consequently, the 
resonances are rapidly damped as the frequency increases. 
It is also important to note that the use of HS tends to 
increase the differences in SE results shown in the Figs 2-3 and 
Fig. 5 at low frequencies, as explained above and as we can 
see from results shown in the next Section. 
 
B. Measurement results obtained at University of Nottingham, 
Nottingham, England. 
Measurements acquired in the RC at University of 
Nottingham for results in [39] are reused here for our current 
purpose. The RC has dimensions of (4.84 × 3.72 × 3.11) m3 
and the enclosure has dimensions of (0.36 × 0.45 × 0.54) m3. 
Note that the inner chamber in [39] is the enclosure in this 
paper. It has an aperture, whose size is 0.05 m × 0.05 m, which 
is closed both with a ‘copper mesh’ and with a metallic plate 
for tests. Hence, three configurations of the enclosure are 
considered: one where the aperture is closed by a metallic 
plate, one where the aperture is closed by a ‘copper mesh’, and 
in the third case, the aperture is open. They are denoted by 
conf. 1, conf. 2, and conf. 3, respectively. The f60 for this 
enclosure is 1.3 GHz. 
Inside the outer chamber, the input electromagnetic field is 
randomized by means of HS using one big metallic stirrer, 
which works in step mode for measurements used in this 
paper, and FS; inside the enclosure, only FS is used. The 
measurement setup includes a two-port VNA, model Agilent 
PNA E8362B and three antennas. The two receiving antennas, 
one of which is inside the RC and the other one inside the 






AH systems SAS-571. The third antenna is an ETS Lindgren 
double-ridged horn antenna, model 3115, which is used as a 
transmitting antenna in the outer chamber. The impedance 
mismatch and the radiation efficiency of the two antennas 
inside the RC can be considered equal. The inside of the RC is 
shown in Fig. 6. Measurements were performed for 120 
positions of the stirrer (mechanical positions), which were 
evenly spaced in angle. For each stirrer position 16,001 point 
in frequency were acquired by the VNA. The FR was set from 
1 to 20 GHz; the intermediate frequency bandwidth was set to 
3 kHz; the port power was set to 0 dBm. The step frequency 
(SF) was 1.1875 MHz. The transmission coefficient inside the 
outer chamber ([S21]o,o) and that between outer and inner 
chambers ([S21]o,i) were measured for the three 
abovementioned configurations. In this case, measurements of 
the reflection coefficient ([S22]i), which corresponds to the 
horn antenna within the enclosure, are not available as they 
were not acquired during measurements for the purposes of 
[39]. Therefore, measurements are not corrected for the 
possible appreciable impedance mismatch at the low 
frequencies of the horn antennas placed within the enclosure. 
It does not absolutely affect the results focused in this paper 
and, however, such a correction could be remarkable at very 
low frequency as the antenna is impedance matched in free 
space. 
No further measurements are available at the moment for 
this RC; however, according to the measurements which are 
available, it is established that it is certainly overmoded at a 
frequency of 1 GHz. 
It is verified by Chi-Square Goodness-of-Fit test that the 
measured samples of  have an exponential distribution 
from the smallest acquired frequency fmin = 1 GHz (f60 = 1.3 
GHz) to the significance of 0.05. 
 
Fig. 6. Inside of the RC at University of Nottingham. The relative enclosure is 
well-visible inside the chamber. 
 
The measurements were performed by using the three 
abovementioned configurations. It is specified that the non-
correlation of the samples related to FS was verified by the 
autocorrelation coefficient considering the samples over the 
FSB. The SE is calculated by using two ways of stirring: in the 
first only FS is present, i.e., we have a single position of the 
stirrers (single frequency sweep) and FS includes 200 samples 
that correspond to a FSB of about 235.8 MHz. In the second, 
the MS includes 120 positions of the stirrers (120 frequency 
sweep) and FS includes 200 samples again. It is specified that 
here the frequency averaging process is performed by sliding 
the FSB window to step equal to the FSB itself and the 
obtained maximum or average value is represented at relative 
center. Clearly, when HS is used, the relative maximum or 
average value is based on the total number of samples. It is 
important to note that the FSB cannot be taken too wide to 
ensure no bias is applied to SE due to  and  
dependence on frequency. 
Fig 7, Fig. 8, and Fig. 9 show SE of the enclosure for the 
three abovementioned configurations, respectively. It is 
calculated for both of the two abovementioned combinations 
of stirring and by both the ratio of the maximum values and 
average values. Specifically, it is confirmed that SE obtained 
from the ratio between the maximum values is lower at the low 
frequencies for the effect of the resonances inside the 
enclosure. This is observed in spite of the greater randomness 
of the maximum values. From such Figs, again we see that this 
phenomenon is all the more marked and extends in frequency 
the lower the losses inside the enclosure including the leakage. 
 
Fig. 7. SE of the enclosure (0.36 × 0.45 × 0.54) m3 where the aperture is closed 
by e metallic slab (conf. 1). All traces are uncorrected for impedance mismatch 
of the horn antenna inside the enclosure. Red and circle-marked trace and 
black and cross-marked trace are related to average and maximum values, 
respectively, as well as to FS only, with a FSB of 235.8 MHz (200 samples). 
Green and circle-marked trace and blue and square-marked trace are related 
to average and maximum values, respectively, as well as to HS including 120 
samples from MS and 200 samples from FS that correspond to the FSB of 












Fig. 8. SE of the enclosure (0.36 × 0.45 × 0.54) m3. As Fig. 7 except for the 




Fig. 9. SE of the enclosure (0.36 × 0.45 × 0.54) m3. As Fig. 7 except for the 
fact that these results are related to the conf. 3, where the aperture, whose size 
is 0.05 m × 0.05 m, is open. The cut-off effect of the aperture is clearly visible 
here. 
 
Note that the cut-off effect of the aperture is clearly visible 
in Fig. 9. We note that measurement results from HS including 
FS confirm the theory again as well as the ones observed from 
previous results where only MS were present. 
 
C. Measurement results obtained at University of Ancona, 
Italy. 
The RC of the Università Politecnica delle Marche has 
dimensions 6 m x 4 m x 2.5 m. It is equipped by a vertical z-
folded stirrer and a horizontal helical stirrer [40]. Inside this 
outer chamber there is an enclosure having dimensions 1.2 m 
x 0.8 m x 0.9 m. The f60 for this enclosure is 0.7 GHz. The 
upper wall hosts a rectangular aperture typically adopted for 
SE measurements of materials. For aims of this paper, inside 
the RC, the input electromagnetic field is randomized by 
means of HS using only horizontal stirrer, which works in step 
mode for measurements used in this paper, and FS; only 9 
equispaced positions for the MS are considered. It is specified 
that this RC is overmoded at about 500 MHz. Inside the 
enclosure, only FS is used. Measurements were carried out by 
a four port VNA (Agilent E5071B) connected to two log-
periodic antennas in the RC (Schwarzbeck Mess-Elektronik 
USLP 9143) and two antennas inside the enclosure. The latter 
two antennas are a double ridged horn antenna from AH 
Systems, model SAS-571 and a homemade discone antenna, 
which works well in the FR from 1 GHz to 10 GHz. It is 
specified that inside the enclosure are present two antennas 
because the same measurement set-up for SE of material is 
considered [39]. Actually, only measurements from the horn 
antenna are used; that is, the horn antenna has to be considered 
as the receiving antenna inside the enclosure. However, the 
loading of two antennas present inside the enclosure, whose 
effect is not negligible at low frequencies has to be considered. 
The investigated FR was 800 MHz - 8.4 GHz, with a SF of 
250 kHz. Hence, for each MS position, the whole FR was 
investigated according to above defined SF. The intermediate 
frequency bandwidth was set to 100 Hz. Figure 10 shows a 
photo of the RC internal view. 
 
Fig. 10. The 10 cm x10 cm aperture on the top wall of the nested chamber in 
the Ancona’s RC. 
 
It is specified that the FSB used for data processing is 400 
frequency points, which corresponds to 100 MHz. Again, the 
non-correlation of the samples related to FS was verified by 
the autocorrelation coefficient considering the samples over 
the FSB. 
The transmission coefficient inside the outer chamber 
([S21]o,o) and that between outer and inner chambers ([S21]o,i) 
were measured. Measurements were not corrected for the 
reflection coefficient of the adopted antennas, because data 
was not acquired. However, the antennas are well matched in 
free space in the considered FR. Therefore, the correction can 
be neglected for antennas inside the RC whereas for the 
receiving antenna inside the enclosure, the correction, which 
can be necessary to the low frequencies, does not affect 
conclusions as specified above. The radiation efficiencies 
considered for the calculation of SE are 0.75 for the two Log 
Periodic antennas and 0.9 for the horn antenna [1]. The 
radiation efficiencies are roughly considered constant in the 
measurement FR [1]. Again, it is verified that the samples of 
 have an exponential distribution to the significance of 
0.05 from the smaller acquired frequency fmin = 800 MHz. 
Three configurations of the enclosure were considered: one 
where the aperture having dimension 10 cm x 10 cm is 
completely closed by an aluminum sheet, one where the same 
aperture is covered by an aluminum mesh, and the third where 
the aperture is completely open [39]. They are denoted by 
conf. 1, conf. 2, and conf. 3, respectively. The wire mesh is 
diamond-shaped and has all four sides equal, of length is 2.4 
mm; the thickness of the aluminum wire is 0.5 mm. 
Measurements were also repeated by inserting a small piece of 
absorbing material (one pyramidal absorber Eccosorb VHP-8-
NRL by Emerson & Cuming) inside the enclosure, in order to 








Fig. 11. SE of the enclosure where the aperture is completely covered by an 
aluminum sheet. 
 
Figures 11-14 report the measured SE of the enclosure by 
eqs. (3) and (4). Each trace is achieved by combining both the 
FS (400 frequency points inside the FSB) and the MS 
(repeating the whole measurements for 9 stirrer angles). We 
note that the averaged values denote a larger value for the SE 
up to about 4 GHz whereas above this frequency value the 
curves derived from different methods almost overlap. 
 
 
Fig. 12. SE of the enclosure where the aperture is covered by a metallic mesh. 
 
 
Fig. 13. SE of the enclosure where the aperture is completely open. 
 
Note that the configurations of the enclosure considered in 
Figs. 11-13 are different; therefore, the obtained SE are 
different. Apart from the greater statistical fluctuations due to 
the maximum values, the difference of about 5 dB at the lowest 
frequency point in Fig. 13 where the aperture is open could be 
favoured by the shielding effect for cut-off of the aperture 
itself along with the position of the receiving antenna inside 
the enclosure that closely couples with the resonance. It is 
specified that such a difference is the greatest one achieved for 
the nine positions of MS in the RC. Indeed, by referring to the 
power ratios considered in the work, at the lower frequencies 
(where the modal density is low) the maximums relevant to the 
RC (which is always overmoded over the working FR) are less 
dispersed than the maximums relevant to the enclosure. 
Therefore, at the low frequencies, the maximums relevant to 
the enclosures dominate the abovementioned ratios. It is also 
noted that the HS (including FS) excites more resonance (at 
the low frequencies) than MS on its own, and this improves 
the evaluation of the SE as mentioned above. The more the 
frequency decreases and the number of uncorrelated samples 
increases the more the differences tend to increase. 
 
 
Fig. 14. SE of the enclosure where the aperture is covered by a metallic mesh 
and a pyramidal absorber is placed inside. 
 
From Fig. 14, we note that the addition of the specified load 
smooths the traces and reduces their differences in SE at the 
low frequencies but it does not strongly reduce the differences 
because it likely is not greater than the load due to the two 
antennas inside the enclosure and to its wall. Note that the 
differences tend to increase with an increase in the number of 
processed uncorrelated samples. Moreover, we note that 
considering the averaged values gives rise to smaller 
fluctuations for the SE. Ultimately, these results confirm again 
that at the low frequencies the resonances inside the enclosure 
call for a SE calculated by the ratio between maximum values 
of the powers. 
 
IV. DISCUSSION AND CONCLUSIONS 
In this work, the two procedures for the SE measurement of 
enclosures in RC defined in the IEEE 299.1 and the IEC 
61000-4-21 standards are merged in a single enhanced one, 
which exploits hybrid stirring, uses the maximum values of 
measured powers and possibly exploits a wall-mounted 
monopole inside the enclosure. 
The proposed approach and the already available ones have 
been compared and classified in terms of quantities adopted 
for the computation (average and maximum received power) 




In the lower FR, the SE computation through the maximum 
received power returns a lower value with respect to that 
achieved exploiting average powers. Differences are typically 
well appreciable up to some multiple (3-5) of f60 according to 
the losses inside the enclosure and when the number of 
processed uncorrelated samples is large. In particular, we have 
experimentally found that this number must be greater than 
200, regardless of the adopted stirring technique. The lower 
the losses inside the enclosure, the more extended in frequency 
the phenomenon is. This is due to the resonances in the 
enclosure under test (low modal density). This result is 
confirmed by adopting RCs having different dimensions and 
used in different laboratories. Moreover, it is confirmed for 
different enclosure dimensions, also including different 
aperture dimensions and covering factor: closed, gridded 
aperture, open aperture. It is also confirmed by the presence of 
absorbing material inside the enclosure which damps the 
resonances; particularly, when the additional losses are 
comparable or greater than the intrinsic losses. 
The proposed approach that uses HS including FS improves 
the evaluation of the SE of enclosures in standard IEC 61000-
4-21. HS reduces the MU both at the high and low frequencies. 
also when the MS is applied only inside the RC. 
Compared to the SE in IEEE 299.1, the proposed approach 
improves the evaluation of the SE of enclosures at low 
frequencies. 
In any case, the proposed procedure provides more prudent 
SE values than the two standards at the low frequencies 
especially for standard IEEE 299.1. 
Note that the proposed procedure could consider both lower 
values of SE at low frequencies (prudent values from the use 
of maximum power values) and average values of measured 
SE at higher frequencies (from the use of average power 
values) in order to overcome the greater randomness of the 
maximum values and reduce the MU over the whole working 
FR. This is an optimization especially useful for low and 
moderate measured SE values. We highlight that at the higher 
frequencies, SE obtained from the ratio between the average 
values and that obtained from the ratio between the averages 
of the maximum values are the same in the proposed 
procedure. 
Summing up, it is shown that the procedures for SE of 
enclosure described in IEC 61000-4-21 [1] and in IEEE 299.1 
[13] can be merged in a single enhanced one that takes 
advantage from the use of FS, the use of maximum (rather than 
average) values of the measured powers, as well as from the 
possibility of using a wall-mounted monopole antenna inside 
the enclosure. For the standard IEC 61000-4-21, such an 
improvement implies the use of a VNA in the measurement 
set-up instead of a PM. Note in this regard that the use of the 
VNA rather than the PM is appealing, since the VNAs are 
becoming increasingly widespread and their cost is not higher 
than that of the PMs (considering that use of the PM involves 
also the use of a radiofrequency source and of a radiofrequency 
amplifier). According to these considerations, we can say 
firstly that the proposed approach improves the evaluation of 
the SE compared to the existing approaches and secondly, it 
consists of an easy to implement measurement procedure. 
Hence, the enhanced, combined, procedure simplifies the 
standardization by providing a single and better value for SE 
measurements of enclosures using NRCs. It is an important 
practical advantage compared to the use of two different 
standard procedures that provide two different values of SE at 
the low frequencies. 
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